Human cytomegalovirus (HCMV) is a human herpesvirus that establishes a latent, lifelong infection. In a healthy host, HCMV infection is usually asymptomatic and is easily spread through body fluids. HCMV is also a significant human pathogen. Infection in utero is the leading infectious cause of birth defects and can lead to developmental disabilities. Retinitis, pneumonitis, hepatitis, encephalitis, and gastroenteritis can result from infection of an immunocompromised individual. HCMV also causes infectious mononucleosis and may be involved in atherosclerosis. The viral life cycle affects many cellular processes, including signal transduction, apoptosis, transcription, cell cycle, DNA replication, and immune response. For these reasons, the study of HCMV is important from the aspects of human disease, viral manipulation of cellular processes, and viral reactivation and replication.
The IE86 protein of HCMV, encoded by the IE2 transcript, is expressed at immediate-early times during infection. It is a large protein of 579 amino acids with an apparent molecular mass of 86 kDa. IE86 is a structurally complex, multifunctional protein that is essential for viral replication. Although the crystal structure of IE86 has not yet been determined, much is known about the sequence and functions of the viral protein.
The sequence of IE86 contains two acidic activation domains, two independent nuclear localization signals (50) , putative zinc fingers (67) , and sites for phosphorylation (23) and sumoylation (2, 25) . The functions of the IE86 protein include the ability to promote cell cycle progression (46, 63) , inhibit cellular DNA synthesis (6, 56) , repress the viral major immediateearly (MIE) promoter (9, 36, 49) , activate multiple viral and cellular promoters (5, 41, 55) , and inhibit cytokine and chemokine promoters (58, 59) . It has also been implicated in antiapoptotic activities (69) . The exact mechanisms for these functions are unclear, including the apparent conflicting functions of negative autoregulation and transactivation.
The HCMV MIE promoter, which expresses the IE1 and IE2 genes, contains a binding site for the IE86 protein. The site, referred to as the cis repression sequence (crs), consists of the nucleotides CG flanking each side of 10 AT-rich nucleotides (36) . This 14-bp binding site resides between the TATA box and transcription start site of the MIE promoter (33) . IE86 binds directly to the crs in a gel shift assay and does not prevent TATA binding protein (TBP) from binding to the MIE promoter TATA box (31) . Furthermore, an IE86 mutant that does not interact with TBP is still able to bind to the crs, indicating that the ability to bind the MIE promoter in vitro is not dependent on a protein-protein interaction (64) . This binding prevents recruitment of RNA polymerase II to the MIE promoter and thereby represses transcription of the IE1 and IE2 genes (35) . The ability of IE86 to repress transcription from a promoter containing an IE86 binding site has also been demonstrated in the human insulin-like growth factor binding protein 4 gene (60) , and the presence of IE86 binding sites in the promoters of other cellular genes that are repressed during HCMV infection has been described (68) .
In direct contrast to the ability of IE86 to repress specific viral and cellular promoters, interaction with the promoters of other viral and cellular genes results in activation of those genes by IE86. IE86 is required during HCMV infection for its ability to transactivate early viral genes (42) . The IE72 protein, encoded by the IE1 transcript, augments the transactivation of the early viral genes but is not required (18, 41) . In addition to the viral genes, IE86 has been shown to directly transactivate several cellular promoters, including c-myc, c-fos, and Hsp70 (22) . The cis-acting elements required for IE86-mediated transactivation are not well defined, but the existence of a TATA box appears to be necessary (21) and the presence of CCAAT, SP1, or Tef-1 binding sites appears to be preferable (37) . While the need for a direct IE86 binding site has not been determined, there are crs-like binding sites in the early viral UL4 and UL112 promoters and the cellular cyclin E promoter (3, 5, 8, 26, 51, 52) . The common involvement of a TATA box and a binding site for IE86 between the autoregulatory and transactivating functions of IE86 suggests that a common mechanism for these conflicting functions may exist.
Another common element between the autoregulatory and transactivating functions of IE86 is the C-terminal region of the protein (57) . The region of IE86 required for negative autoregulation is between amino acids 290 and 579 (24) and includes the DNA binding domain (amino acids 346 to 579) (1, 10) and the dimerization domain (amino acids 388 to 542), which is required for DNA binding (39, 40) . The region of IE86 required for transactivation is between amino acids 195 and 579, which includes the C-terminal activation domain (amino acids 544 to 579) (50) . Interaction with TBP, a component of the TFIID complex, and interaction with TFIIB require amino acids 290 to 504 and 290 to 542, respectively (7, 21, 32) . Recently, this apparent overlap in function was refined to amino acids 450 to 552, termed the "core domain" of IE86 (4) . While the experiments used to establish the core domain of IE86 were not in the context of the viral genome, the authors concluded that mutations in the core domain could not be made without affecting all functions of the IE86 protein. It remains a mystery how two opposing functions can have so many shared features.
Using the core domain of IE86 as a starting point, we attempted to further investigate the functions and mechanisms of the viral protein. We began this study with three simple goals. The first goal was to identify specific regions within the core domain that may be critical for the function(s) of IE86. This was accomplished by multiple sequence alignment of HCMV IE86 with the IE2 homologs from other species CMVs. The second goal was to isolate mutants where the functions of IE86 have been separated from each other. This would allow us to study the protein functions independent of one another. Finally, we hoped to learn new information about the mechanisms of the paradoxical functions of IE86.
From these three simple goals, we believe that we have uncovered important insights into the structure of IE86 and the mechanisms for autoregulation and transactivation. We have identified a stretch of five amino acids in the core domain of IE86 that is conserved between all primate and nonprimate CMV IE86 homologs that were tested. Mutating two of those amino acids simultaneously results in a recombinant IE86 protein that is unable to transactivate early viral promoters but retains the ability to repress the MIE promoter. This demonstrates that it is possible to introduce mutations in the core domain of IE86 without disrupting all functions of the viral protein and that the autoregulatory and transactivating functions of IE86 can be separated and thus must utilize independent mechanisms for promoter binding. Finally, we propose that this mutation disrupts the TBP binding domain of IE86, resulting in the failure of the mutant IE86 protein to be recruited to early viral promoters.
MATERIALS AND METHODS
Plasmids and BACs. The pSVCS plasmid, containing the MIE promoter and UL123-UL121, was described previously (41) . The Stratagene QuikChange XL mutagenesis kit (Stratagene, La Jolla, CA) was used to introduce point mutations into exon 5 of the IE2 gene in pSVCS, according to the manufacturer's instructions. The L534A amino acid mutation, and also a KasI restriction enzyme site, was introduced using the oligonucleotide 5Ј CAG GGT GGG TTC ATG GCG CCT ATC TAC GAG ACG 3Ј and its complementary oligonucleotide. The P535A/Y537A amino acid mutation, and also a MscI restriction enzyme site, was introduced using the oligonucleotide 5Ј GGG TTC ATG CTG GCC ATC GCC GAG ACG GCC ACG 3Ј and its complementary oligonucleotide. The H446A/ H452A amino acid mutation, and also a Kas I restriction enzyme site, was introduced using the oligonucleotide 5Ј CCC TTC CTC ATG GAA GCT ACC ATG CCC GTG ACG GCG CCA CCC AAA GTG GCG 3Ј and its complementary oligonucleotide.
The p⌬MCAT ⌬-694/-583 plasmid, containing UL122-UL128 and including the UL127/CAT reporter, was described previously (34, 38) . The plasmid pGEM-T-kan/lacZ, kindly provided by T. Shenk (Princeton University, New Jersey), was used to amplify the kanamycin resistance (Kan r ) gene using the primers 5Ј AAA AAG GAT CCT GTG TCT CAA AAT CTC 3Ј and 5Ј AAA AAG GAT CCT CCT TCA ACT CAG CAA 3Ј. The Kan r gene was digested with the BamHI restriction enzyme to generate sticky ends and inserted between the UL127/CAT and UL128 open reading frames (ORFs) of the p⌬MCAT ⌬-694/-583 plasmid at a BamHI site. The UL122-UL123 region of the p⌬MCAT ⌬-694/-583 plasmid was removed and replaced with UL121-UL123 of pSVCS containing the mutations described above. The final shuttle vectors p⌬MCAT ⌬-694/ -583ϩKan r ϩIE2 WT, p⌬MCAT ⌬-694/-583ϩKan r ϩIE2 L534A, p⌬MCAT ⌬-694/ -583ϩKan r ϩIE2 P535A/Y537A, and p⌬MCAT ⌬-694/-583ϩKan r ϩIE2 H446A/ H452A were used for chloramphenicol acetyltransferase (CAT) assays and to construct recombinant BACs, as described below.
The p⌬MCAT ⌬-694/-583ϩKan r ϩIE2 P535A/Y537A and p⌬MCAT ⌬-694/ -583ϩKan r ϩIE2 H446A/H452A plasmids were further manipulated to generate revertant (Rev) BACs. The plasmid p⍀aacC4, kindly provided by T. Yahr (University of Iowa), was digested with BamHI to isolate the gentamicin resistance (Gen r ) gene. The Kan r gene was removed from p⌬MCAT ⌬-694/ -583ϩKan r ϩIE2 and replaced with the Gen r gene at the BamHI sites. The P535A/Y537A mutation in exon 5 of the IE2 gene was reverted to wild type using the oligonucleotide 5Ј GGG TTC ATG CTG CCT ATC TAC GAG ACG GCC ACG 3Ј and its complementary oligonucleotide. The H446A/H452A mutation in exon 5 of the IE2 gene was reverted to wild type using the oligonucleotide 5Ј CCC TTC CTC ATG GAG CAC ACC ATG CCC GTG ACA CAT CCA CCC AAA GTG GCG 3Ј and its complementary oligonucleotide. The final shuttle vectors p⌬MCAT ⌬-694/-583ϩGen r ϩIE2 Rev-PY and p⌬MCAT ⌬-694/ -583ϩGen r ϩIE2 Rev-HH were used for CAT assays and to construct a recombinant BAC, as described below.
The HCMV Towne BAC DNA was kindly provided by F. Liu and was described previously (14) . Shuttle vectors were linearized by restriction digestion with NheI, and the UL121-128 fragment was gel purified. Recombinant BACs were generated using the linear UL121-UL128 fragment described above and homologous recombination with Towne BAC, in DY380 cells, as described previously (15) . BAC DNA was isolated using the Nucleobond BAC maxiprep kit (BD Biosciences, Palo Alto, CA) according to the manufacturer's instructions.
Cell culture and recombinant viruses. Primary human foreskin fibroblasts (HFFs) were isolated and grown in Eagle's minimal essential medium (Mediatech, Herndon, VA) supplemented with 10% newborn calf serum (Sigma, St. Louis, MO), penicillin (100 U/ml), and streptomycin (100 g/ml). 293 cells were grown in Dulbecco's minimal essential medium (Mediatech) supplemented with 10% fetal bovine serum (JRH Biosciences, Lenexa, KS), penicillin (100 U/ml), and streptomycin (100 g/ml).
Recombinant viruses were isolated, propagated, and maintained as described previously (30) . Briefly, HFF cells were transfected with 1 or 3 g of each recombinant BAC and 1 g of the plasmid pSVpp71 (simian virus 40 [SV40] promoter pp71) using the calcium phosphate precipitation method (17) . Extracellular fluid was harvested 5 to 7 days after 100% cytopathic effect (CPE) and stored at Ϫ80°C in 50% newborn calf serum or passaged onto fresh HFF cells. Virus titers were determined by plaque assay, using equal viral DNA input from stored virus stocks, as described previously (29, 30) .
Multiplex real-time PCR analysis. HCMV gB DNA was detected and quantified using a multiplex real-time PCR for viral DNA replication assays. HFF cells were transfected, in triplicate, with 3 g of recombinant BAC DNA for a viral DNA replication assay. Whole-cell DNA was harvested as described previously (28) at 1, 5, 9, and 13 days posttransfection. Multiplex real-time PCR was performed using 0.5 g DNA in a final volume of 25 l of the Platinum PCR Supermix-UDG cocktail (Invitrogen, Carlsbad, CA). HCMV gB primers and 6-carboxyfluorescein-6-carboxytetramethylrhodamine (FAM-TAMRA) probe, described previously (28) , and cellular 18S rRNA primers and VIC-TAMRA probe (Applied Biosystems, Foster City, CA) were used simultaneously. Thermal cycling conditions and determination of relative quantification of gB DNA were performed as described previously (43) .
HCMV RNA was detected and quantified using a multiplex real-time PCR for MIE autoregulation and early viral gene transactivation assays. HFF cells were transfected, in triplicate, with 5 g of recombinant BAC DNA. Whole-cell RNA was harvested using TRI reagent (Invitrogen), treated with RNase-free DNase, and converted to cDNA as described previously (29) . The multiplex real-time PCR was performed using 2 l undiluted cDNA, or RNA lacking reverse transcriptase, in a final volume of 25 l of the Platinum PCR Supermix-UDG cocktail (Invitrogen). Primers and FAM-TAMRA probes for HCMV MIE and TRS1 IE genes were described previously (43) . Primers and FAM-TAMRA probes for HCMV UL44, UL54, and IRL7 early genes were previously described (48) . Thermal cycling conditions and performance of relative quantification of HCMV RNA were as described previously (43) . Threshold cycle values of samples not treated with reverse transcriptase did not differ appreciably from baseline.
Western blot analysis. HFF cells were transfected with 5 g of recombinant BAC DNA using the calcium phosphate precipitation method. Western blot analysis of viral proteins was performed as described previously (46) . Briefly, cell lysates were harvested at 72 h posttransfection and fractionated on a 9% polyacrylamide-sodium dodecyl sulfate (SDS) gel. Proteins were transferred to a polyvinylidene difluoride membrane and Western blotting was performed using primary mouse monoclonal antibody 810 (Chemicon), to detect MIE proteins, or primary mouse monoclonal antibody E7 (University of Iowa Hybridoma Facility) to detect cellular ␤-tubulin. Proteins were detected using secondary horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) and Pierce SuperSignal West Pico chemiluminescence detection reagent (Pierce Biotechnology, Rockford, IL). Relative intensities of bands were quantified using the Kodak 1D software.
CAT assay. Activation of the early UL127-CAT reporter was determined by CAT assay, as described previously (38) . Briefly, HFF cells were transfected, in triplicate, with 3 g IE86/CAT shuttle vector and 2 g ␤-galactosidase (␤-Gal) expression vector (SV40 promoter-␤-Gal). Total protein was harvested at 3 days posttransfection. CAT assays were performed, and the percentage of acetylated [C 14 ]chloramphenicol (Perkin-Elmer Life Sciences, Boston, MA) was determined by image analysis. Bradford assays were performed to normalize the CAT activity per microgram of protein. ␤-Gal assays were performed to normalize the CAT activity for transfection efficiency.
Repression of the MIEP-CAT reporter and activation of the early UL4-CAT or UL112-CAT reporters was determined by CAT assay. 293 cells were transfected, in triplicate, with 2 g pSVCS, containing either the WT or mutant IE2 gene, 3 g pCAT760, containing the MIEP-CAT reporter, and 3 g of ␤-Gal expression vector for repression of the MIEP. 293 cells were transfected with 2 g pSVCS and 3 g pUL4-CAT (Ϫ220 to ϩ1 of UL4 promoter) or pUL112-CAT (Ϫ404 to ϩ1 of UL112 promoter) for activation of an early promoter. Total protein was harvested at 2 days posttransfection. CAT, Bradford, and ␤-Gal assays were performed as described above.
ChIP assay. A ChIP assay was performed as described previously (62), with the following modifications. HFF cells were transfected using the normal human dermal fibroblast kit and program U-20 on Nucleofector II from Amaxa Biosystems (Gaithersburg, MD), per the manufacturer's instructions. 293 cells were transfected using the calcium phosphate precipitation method, described above. Cells were transfected, in triplicate, with 5 g pSVCS DNA, containing the MIE crs and the WT or mutant IE2 gene, for MIEP binding or 5 g pSVCS DNA and 3 g pUL4-CAT or pUL112-CAT for early promoter binding. Following crosslinking, transfected cells were suspended in cell lysis buffer [5 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid), 85 mM KCl, 0.5% NP-40, 1ϫ Roche Complete Mini protease inhibitor]. Nuclei were isolated, suspended in sonication buffer, and sonicated on ice for a total of 120 seconds at 25% amplitude using a 20-second pulse followed by a 20-second pause using a Virsonic 475 sonicator and microtip (Virtis, Gardiner, NY). Chromatin was precleared with a singlestranded DNA-protein G agarose slurry (Upstate). Precleared chromatin was incubated with 1 g of rabbit polyclonal antibody to IE86 (6655; gift from J. Nelson, Oregon Health Sciences University), TBP (SI-1; sc-273; Santa Cruz Biotechnology), or normal rabbit serum and immunoprecipitated with a protein G agarose-single-stranded DNA slurry. Immunoprecipitated DNA was resuspended in 50 l water.
The MIE promoter was amplified from immunoprecipitated chromatin using the primers 5Ј GGC GTG GAT AGC GGT TTG ACT CAC G 3Ј and 5Ј GCA TAA GAA GCC AAG GGG GTG GGC 3Ј, and nested PCR was performed using the primers 5Ј CCA CCC CAT TGA CGT CAA TGG GAG 3Ј and 5Ј CTC TTG GCA CGG GGA ATC CCG CG 3Ј. The UL4 promoter was amplified from the immunoprecipitated chromatin using the primers 5Ј GAG CGA CCG AGT TTT CTG GCA TGG 3Ј and 5Ј GCC GTA ATA TCC AGC TGA ACG GTC 3Ј, and nested PCR was performed using the primers 5Ј GGA ATT CTC AGG GGA TGA TAT GGG 3Ј and 5Ј TCC ATT GGG ATA TAT CAA CGG TGG 3Ј. The UL112 promoter was amplified from the immunoprecipitated chromatin using the primers 5ЈGCA TAC TCT AGA GGC GCT GTC CGC 3Ј and 5Ј CCA AGC TTT GGA GCG AGT GCC GCC 3Ј, and nested PCR was performed using the primers 5Ј GCA CGC TGT TTT ACT TTT GTC GGG 3Ј and 5Ј CAT CAT CTT TCC AGC CCG CCT AGC 3Ј.
Amplification of the desired promoter was performed using 10 l of the immunoprecipitated DNA in a total reaction volume of 50 l. Thermal cycling conditions were 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, for a total of 30 cycles. The PCR product was visualized on an agarose gel using 20 l of the PCR product, and the remaining 30 l was purified with the QIAquick PCR purification kit and resuspended in 30 l water. Nested PCR was performed using 10 l of the purified PCR product in a total reaction volume of 50 l. Thermal cycling conditions were the same as above. The nested PCR product was visualized on an agarose gel using 10 l of the PCR product.
Equal expression of the MIE proteins from transfected cells was verified by Western blot analysis, described above, of ChIP lysates using a monoclonal antibody to IE72 (p63-27; a gift from B. Britt). The ability of the IP antibody (6655) to detect mutant IE86 proteins from transfected cells was verified by Western blot analysis of ChIP lysates.
RESULTS

Construction and replication of IE86 mutants.
In order to narrow our investigation of the "core" domain to amino acids that may be involved in the functions of the IE86 protein, we performed a multiple sequence alignment of the amino acids from HCMV IE86 and its primate and nonprimate homologs. A stretch of five amino acids in the C terminus of the "core" domain was identified that is conserved between all tested homologs (Fig. 1) . The amino acids 534 LPIYE 538 , based upon the human CMV sequence, represent the longest consecutive stretch of conserved amino acids within the "core" region and the second longest conserved stretch between all of the IE86 protein homologs (data not shown).
We produced two mutants to test the significance of this region of HCMV IE86. First, we mutated the leucine at amino acid position 534 to an alanine (L534A), a conservative mutation that would essentially serve as a positive control for this study. Second, we mutated both the proline at amino acid position 535 and the tyrosine at 537 to alanines (P535A/ Y537A), a more radical change that would assess the role of the conserved sequence in the functions of the IE86 protein. A third mutation of both the histidines at amino acid positions 446 and 452 to alanines (H446A/H452A) served as a negative control, as mutation of these histidines has previously been shown to produce a nonfunctional protein (40) . These mutations were introduced into the IE2 gene of the Towne strain of HCMV to generate recombinant BACs, as described previously (48) . The recombinant BACs also contained the modified early UL127 promoter driving the CAT reporter gene and a kanamycin resistance gene for selection of the recombinant BACs ( Fig. 2A) .
In addition to sequencing of the IE2 gene and selection by ) . Second, a new restriction enzyme site was introduced into the IE2 gene with each mutation. Exon 5 of the IE2 gene was amplified by PCR to produce a 1,100-bp PCR product, which was digested with the appropriate restriction enzyme. A unique MscI site was present in the P535A/Y537A IE86 mutant, while a unique KasI site was introduced with the L534A and H446A/H452A IE86 mutations (Fig. 2C) .
Recombinant BACs were transfected into HFF cells and monitored for the production of recombinant virus. After 10 to 14 days, cells transfected with recombinant BACs containing WT, L534A, Rev-PY, or Rev-HH IE86 reached 100% CPE; the supernatant from those cells was analyzed by plaque assay, and all recombinant viruses reached similar titers (data not shown). Cells transfected with recombinant BACs containing P535A/Y537A or H446A/H452A mutant IE86 did not show any CPE during the same time period. After 8 weeks of stimulation by feeding and splitting the transfected cells, recombinant virus was not recovered from the P535A/Y537A or H446A/H452A mutations.
To determine whether the block in virus production occurred prior to or following viral DNA replication, HFFs were transfected with the recombinant BACs containing either WT or mutant IE86. Total DNA was harvested at 1, 5, 9, and 13 days posttransfection and analyzed for replication of HCMV gB DNA by real-time PCR. An equivalent amount of WT or mutant IE86 BAC DNA was detected at day 1. Relative to Towne (WT IE86) BAC DNA input at day 1, BAC DNA containing WT and Rev-PY IE86 increased approximately 12-fold by day 13 (Fig. 3) . BAC DNA containing the L534A IE86 mutation increased approximately 8-fold by day 13 but was at similar levels as WT and Rev-PY IE86 at day 9. In contrast, there was no increase in the amount of gB DNA present from recombinant BACs containing the P535A/Y537A or H446A/ H452A IE86 mutations at day 13. By day 28, there was still no detectable replication of these mutants (data not shown). This lack of viral DNA replication indicates that the defects in virus production from the P535A/Y537A and H446A/H452A mutant IE86 proteins occur at IE or early times during infection.
Autoregulation of the viral MIE promoter. We have previously shown that mutation of amino acid 548 from glutamine to arginine inhibited IE86-mediated cell cycle arrest without abolishing autoregulation, early viral gene expression, or viral replication (48) . While each of the multiple functions of the viral protein play a role in efficient viral replication, the failure of IE86 to autoregulate its own expression has never been reported to be sufficient to inhibit viral replication. Thus, we were interested in whether the P535A/Y537A mutant IE86 protein was capable of repressing the MIE promoter, as this function has been mapped near the core region of IE86. A defect in autoregulation could be one factor in the lethality of this particular mutation.
Recombinant BACs encoding either WT or mutant IE86 were transfected into HFF cells, and viral MIE RNA (48 h) or protein (72 h) was analyzed by real-time PCR or Western blotting, respectively. Input viral DNA for WT and mutants was measured by real-time PCR analysis of gB DNA, as described in Materials and Methods. Viral DNA uptake by the HFF cells was equivalent (data not shown). Compared to WT IE86, the P535A/Y537A mutant IE86 protein was able to autoregulate expression from the MIE promoter at both RNA and protein levels ( Fig. 4A and B) . L534A and Rev-PY IE86 , and rat CMV IE2 (AAB92266) were aligned using MultAlin. Multiple sequence alignments are displayed using BoxShade. Identical residues appear shaded in black, while similar residues appear shaded in gray. In the consensus sequence, an asterisk indicates a residue that is identical in all aligned sequences, while a dot indicates a residue that is identical in at least half of the aligned sequences. The numbers appearing between the species and the amino acid sequence represent the amino acid position for that particular species. A hyphen designates a gap in the sequence that was inserted for optimal alignment.
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also expressed MIE RNA (data not shown) and protein ( Fig.  4B ) at levels similar to WT. In contrast, MIE RNA from the H446A/H452A mutant IE86 protein was nearly 3-fold higher than WT IE86, while IE86 and IE72 protein levels from the mutant were 3.1-and 3.3-fold higher than WT, respectively. Therefore, despite not being able to replicate, the presence of the P535A/Y537A mutation in IE86 had no significant effect on the autoregulatory function of the viral protein.
Transactivation of early viral promoters. The ability of the IE86 protein to transactivate early viral promoters and the absolute requirement for the protein in viral replication has been well documented. Therefore, we hypothesized that the lack of DNA replication from the BAC containing the P535A/ Y537A mutant IE86 protein was due to a failure to transactivate early viral genes, including those that are involved in viral DNA replication. To test this hypothesis, we used a combination of early viral promoters driving a reporter gene and several endogenous early viral genes to examine the transactivation function of the mutant IE86 protein.
Expression from the modified early UL127 promoter driving the CAT reporter has been used as a preliminary indicator of the functional status of IE86 (34, 38) . To determine if P535A/ Y537A mutant IE86 can transactivate an early viral promoter, Fig. 2A , consisting of the UL127-CAT reporter, a WT or mutant IE2 gene, and a ␤-Gal expression vector. CAT activity was analyzed after 72 h and normalized to protein and ␤-Gal input. WT IE86 activated the UL127-CAT promoter more than 10-fold compared to the mock control (Fig. 5A ). L534A and Rev-PY IE86 also activated the early viral promoter to similar levels as WT IE86. The P535A/ Y537A and H446A/H452A mutant IE86 proteins were unable to activate this reporter to WT levels, possibly explaining the failure of these mutants to replicate in the context of the recombinant BAC.
To confirm the early promoter-reporter results, we also analyzed the expression of several endogenous viral genes, including two that are directly involved in viral DNA replication. HFF cells were transfected with recombinant BACs encoding the WT or mutant IE86 protein. Expression of the IE (48 h) and early (72 h) genes was analyzed by real-time PCR and normalized to DNA input (24 h). P535A/Y537A and H446/ H452A mutant IE86 failed to express the early genes that were tested, although both expressed similar levels of the IE gene TRS1 as WT IE86 (Fig. 5B ). L534A and Rev-PY IE86 transactivate the early viral genes similar to WT, and no expression of early genes could be detected from samples lacking reverse transcriptase (data not shown). The lack of early gene expression, including that of genes involved in viral DNA replication, by the P535A/Y537A mutant IE86 protein is consistent with the failure of a recombinant BAC containing this mutation to replicate in HFF cells.
Recruitment of IE86 to the MIE promoter. We have previously reported that WT IE86 binds to the wild type crs and mutation of the histidines at residues 446 and 452 prevents binding. In addition, WT IE86 does not bind to a mutated crs (39) . Towne BAC with a mutated crs could not be isolated as infectious virus (H. Isomura and M. F. Stinski, unpublished data). Although we have already demonstrated at the RNA and protein levels that the P535A/Y537A mutant IE86 protein is able to negatively autoregulate expression from the MIE promoter, we wanted to confirm that the mutant protein was capable of being recruited to the promoter. Traditionally, a gel electromobility shift assay would be utilized for this task. However, due to the artificial nature of this assay and the ease with which results can be manipulated through buffer conditions, we selected the ChIP assay over a gel electromobility shift assay. Initially, nonpermissive 293 cells were utilized for this experiment because no recombinant virus was available from the nonreplicating IE86 mutants. However, all ChIP assays were also done in permissive HFF cells using the nucleofection method from Amaxa Biosystems as described in Materials and Methods.
To demonstrate that the IE86 protein was functional in 293 cells, a reporter construct consisting of the CAT gene under the control of the MIE promoter, including the autoregulatory MIE crs, was transfected into 293 cells with either WT or the mutant IE86 plasmids and a ␤-Gal expression vector. All mutant IE86 proteins were expressed at equivalent levels except H446A/H452A, which was expressed at approximately a threefold-higher level because of a failure to negatively autoregulate, as shown in Fig. 4B . After 48 h, a CAT assay was performed and normalized to ␤-Gal and protein input. WT IE86 was able to repress CAT expression more than 80% compared to the mock control (Fig. 6A) . L534A, P535A/Y537A, and Rev-PY IE86 repressed CAT expression to similar levels, consistent with our results that these mutant IE86 proteins are able to autoregulate expression from the MIE promoter. In contrast, CAT activity in 293 cells transfected with the H446A/ H452A mutant IE86 was more than threefold higher than WT IE86, indicating a defect in the ability to repress the MIE promoter.
To verify that the P535A/Y537A mutant IE86 is recruited to the MIE promoter, HFF and 293 cells were transfected with a plasmid containing the entire MIE locus, including the IE2 gene and the MIE crs. After 48 h, a ChIP assay was performed using polyclonal antibodies to either IE86 or cellular TBP or normal rabbit serum as a negative IP control. We selected polyclonal antibody 6655 for the ChIP analysis because it re-FIG. 6. P535A/Y537A mutant IE86 protein represses and is recruited to the MIE promoter in 293 and HFF cells. (A) 293 cells were transfected, in triplicate, with a ␤-Gal expression vector, a reporter construct consisting of the CAT gene under the control of the MIE promoter, including the autoregulatory MIE crs, and shuttle vector DNA encoding WT, L534A, P535A/Y537A, revertant (Rev)-PY, or H446A/H452A IE86. Total protein was harvested at 48 h posttransfection. A CAT assay was performed to determine the ability of the IE86 protein to repress the MIE promoter, and a ␤-Gal assay was performed to determine transfection efficiency. Results are reported as MIE-CAT activity (percent acetylation per microgram protein, normalized to ␤-Gal) relative to WT. Mock samples contained ␤-Gal and the MIE-CAT reporter but not IE86. (B) Western blot of ChIP lysates to detect equal expression of viral proteins (IE72) and to demonstrate the ability of the IP antibody to interact with the mutant proteins (IE86). An antibody specific to exon 4 (p63-27) demonstrates equal expression of IE72 in WT, L534A, P535A/Y537A (PY), and Rev-PY mutants, while the H446A/H452A (HH) mutant expresses higher levels of IE72 since it is unable to autoregulate the MIE promoter. An antibody specific to exon 5 (polyclonal 6655), which was used for IP, is able to detect phosphorylated (IE86p) and unphosphorylated IE86 in all mutants, in addition to a nonspecific (ns) protein that also appears in untransfected cells (mock). (C) HFF (shown) and 293 cells (not shown) were transfected with a plasmid containing the entire MIE locus, including the MIE crs and the WT or mutant IE2 gene. Cells were cross-linked with formaldehyde at 48 h posttransfection and lysed, and DNA/protein complexes were isolated. A ChIP assay was performed using polyclonal antibodies to immunoprecipitate (IP) HCMV IE86 or cellular TBP, or normal rabbit serum as a negative IP control, and nested PCR was performed to amplify the MIE promoter containing the MIE crs and TATA box. Purified PCR products were separated on an agarose gel. A positive (ϩ) PCR control was performed using the crs-containing plasmid directly for nested PCR, while a negative (Ϫ) PCR control was performed without DNA template. The efficiency of the IP was compared using 10% of the input DNA from transfected cells, isolated directly from the lysed cells and not immunoprecipitated, for nested PCR. The specificity of the IP was compared using WT IE86-transfected cells, but immunoprecipitated using normal rabbit serum, for nested PCR. acts with WT and all IE86 mutant proteins used (Fig. 6B ) and has the advantage of interacting with multiple epitopes in case one or more of the epitopes are blocked by chromatin. Nested PCR was performed to amplify the MIE promoter, containing the MIE crs and TATA box, because single-step PCR gave weak and nondistinct bands. WT IE86 was recruited to the MIE promoter in HFF cells, presumably through direct binding to the MIE crs, and this interaction did not occur in the absence of IE86 or when using normal rabbit serum (Fig. 6C) . L534A, P535A/Y537A, and Rev-PY IE86 were also recruited to the MIE promoter, consistent with their ability to repress the MIE promoter in 293 cells. In contrast, H446A/H452A mutant IE86 was not recruited to the MIE promoter. TBP was recruited to the MIE promoter in the presence or absence of IE86, regardless of whether the IE86 protein was WT or mutant, presumably through direct interaction with the TATA box. Similar results were obtained with 293 cells (data not shown). These data suggest that the failure of H446A/H452A mutant IE86 to autoregulate the MIE promoter is due to a defect in DNA binding. Recruitment of IE86 to early viral promoters. Using the ChIP system described above, we next attempted to determine if the P535A/Y537A mutant IE86 protein is recruited to early viral promoters. The results of this experiment could provide some insight into the reason for the failure of this mutant protein to transactivate early viral promoters. If the mutant IE86 protein was recruited to, but did not activate, the early viral promoter, it could be concluded that there is a defect in interaction with cellular transcription machinery. Alternatively, if the mutant IE86 protein was neither recruited to nor activated the early viral promoter, a defect in either direct DNA binding or in interaction with cellular transcription machinery could be involved. Two unique promoters were chosen for this experiment, based on a distinctive feature within the promoters. Both the UL4 and UL112 early viral promoters have been previously shown to contain a crs-like sequence that may facilitate direct binding of IE86 to the promoter (3, 8, 26, 51, 52) .
To demonstrate that the early viral UL4 and UL112 promoters were functional, a reporter construct consisting of the CAT gene under the control of the UL4 or UL112 promoter was transfected into 293 cells with either WT or the mutant IE86 proteins. WT IE86 and mutant IE86 proteins were expressed at equivalent amounts with the exception of H446A/ H452A, as discussed earlier and as shown in Fig. 6B . After 48 h, a CAT assay was performed. WT IE86 was able to activate CAT expression to similar levels as a positive control (HFFs cells infected with recombinant HCMV containing a UL127-CAT reporter), relative to the mock control (Fig. 7A) . However, P535A/Y537A and H446A/H452A IE86 were unable to activate either the UL4 or UL112 promoters, consistent with ) were transfected with a plasmid containing the UL4 promoter, and (C) HFF (not shown) and 293 (shown) cells were transfected with a plasmid containing the UL112 promoter. The cells were also transfected with a plasmid containing the WT or mutant IE2 gene. Cells were cross-linked with formaldehyde at 48 h posttransfection and lysed, and DNA/protein complexes were isolated. A ChIP assay was performed using polyclonal antibodies to immunoprecipitate (IP) HCMV IE86 or cellular TBP, or normal rabbit serum as a negative IP control, and nested PCR was performed to amplify the UL4 (B) or UL112 (C) promoter. Purified PCR products were separated on an agarose gel. A positive (ϩ) PCR control was performed using the promoter-containing plasmid directly for nested PCR, while a negative (Ϫ) PCR control was performed without DNA template. The efficiency of the IP was compared using 10% of the input DNA from transfected cells, isolated directly from the lysed cells and not immunoprecipitated, for nested PCR. The specificity of the IP was compared using WT IE86-transfected cells, but immunoprecipitated using normal rabbit serum, for nested PCR.
our results that these mutant IE86 proteins are unable to transactivate early viral genes.
To test whether the P535A/Y537A mutant IE86 is recruited to the UL4 or UL112 promoters, HFF and 293 cells were transfected with plasmids containing the UL4 or UL112 promoters and WT or mutant IE86. After 48 h, a ChIP assay was performed using polyclonal antibodies to either IE86 or TBP, or using normal rabbit serum as a negative IP control, and nested PCR was performed to amplify the UL4 or UL112 promoters. Single-step PCR was not sufficient to detect the immunoprecipitated DNA. WT IE86 was recruited to both the UL4 (shown in HFF cells) and UL112 (shown in 293 cells) promoters, and this interaction was not present in the absence of IE86 or when using normal rabbit serum (Fig. 7B and C) . L534A and Rev-PY IE86 were also recruited to the UL4 and UL112 promoters, consistent with their ability to transactivate early viral genes. In contrast, P535A/Y537A and H446A/ H452A mutant IE86 were not recruited to these promoters. TBP was recruited to these viral promoters in the presence or absence of IE86, regardless of whether the IE86 protein was WT or mutant, presumably through direct interaction with the TATA box. Similar results were obtained for the UL4 promoter in 293 cells and for the UL112 promoter in HFF cells (data not shown). These data suggest that the failure of P535A/ Y537A and H446A/H452A mutant IE86 proteins to transactivate early viral promoters is due to a lack of recruitment to these promoters.
DISCUSSION
In a viral genome of ϳ240 kbp and over 150 ORFs (14) , it is somewhat surprising that changing two amino acids in a single viral protein could result in complete elimination of viral replication. Despite the improbability of such a mutation, we were able to construct two recombinant HCMV BACs with double mutations in the IE2 gene that prevented the production of recombinant virus. The first, with mutations at amino acids P535 and Y537 of the IE86 protein, was able to autoregulate the MIE promoter but was not able to produce infectious virus because of a defect in transactivation of early viral promoters. The second, with mutations at amino acids H446 and H452 of the IE86 protein, was not able to produce infectious virus because of defects in both autoregulation and transactivation functions. Although replication deficient, these recombinant BACs became valuable resources in our studies of the "core" region of the IE86 protein and will provide future insight into the mechanisms of the multiple functions of IE86.
A third recombinant BAC, containing a conservative mutation at amino acid L534 of the IE86 protein, was able to produce infectious virus and retained all tested functions of IE86, in spite of the mutation in the "core" region. The L534A mutant replicated BAC DNA at 70% the level of WT (Fig. 3) and transactivated the UL127-CAT reporter at 69% the level of WT (Fig. 5A ), but the L534A mutant replicated like WT otherwise. This variation could be inherent in the construction of recombinant BACs. Alternatively, there could be a slight perturbation in the structure of the mutant protein due to the minor alteration in the conserved 534 LPIYE 538 sequence, though the L534A mutant IE86 protein was recruited to the MIE and early viral promoters, in both HFF and 293 cells, and was immunoprecipitated by the anti-IE86 antibody. Structural alterations may also explain the more severe defects in the P535A/Y537A and H446A/H452A IE86 mutations. This would not be shocking, since these residues are so highly conserved between the HCMV IE86 homologs. However, the P535A/ Y537A mutant IE86 protein is still capable of autoregulation, is recruited to the MIE promoter in both HFF and 293 cells, and is immunoprecipitated by the anti-IE86 antibody, and so defects other than gross protein misfolding must be responsible for the phenotype.
If not protein misfolding, then the mutations to the conserved sequence in the core domain must disrupt functional interactions of the IE86 protein. These interactions could include homodimerization, DNA binding, or interaction with cellular transcription machinery. Homodimerization of the mutant IE86 proteins was not tested. However, homodimerization is thought to be required for binding to the MIEP crs, as a mutant IE86 protein that was unable to form homodimers was not able to bind to a crs in a gel shift assay (40) . Therefore, autoregulation of the MIE promoter by the P535A/Y537A mutant IE86 protein suggests that the homodimerization status of the mutant protein is normal. The recruitment of the P535A/Y537A mutant IE86 protein to the MIE promoter suggests that the DNA binding status of the mutant protein is also normal. The P535A/Y537A mutant IE86 protein is not recruited to the UL4 or UL112 promoters in HFF or 293 cells, despite the presence of a crs-like sequence in these promoters. This suggests that either the IE86 protein contains two independent DNA binding domains, which has not been previously reported in the literature, or that the IE86 protein is recruited to early viral promoters through proteinprotein interactions.
TBP has been reported to interact with IE86 in vitro (7). In our ChIP assay, TBP was recruited to the UL4 and UL112 promoters in both HFF and 293 cells, regardless of whether IE86 was WT or mutant, and even in the absence of IE86 (Fig.  6B and 7B ). This interaction of TBP and the early viral promoters presumably occurs through direct interaction with the TATA box. If IE86 did indeed interact with TBP in vivo, then it would be expected that a mutant IE86 protein that is defective in DNA binding would still be indirectly recruited to a promoter through TBP. However, neither the P535A/Y537A nor the H446A/H452A mutant IE86 protein is recruited to the UL4 or UL112 promoters. This suggests that the failure of these mutant proteins to transactivate or be recruited to early viral promoters may be related to a defect in protein-protein interactions. We are currently addressing this issue, in vivo, of whether the mutant IE86 proteins interact with TBP or other cellular transcription machinery.
The paradox of the HCMV IE86 protein is its ability to have opposite effects on different viral promoters. IE86 represses the viral MIE promoter, while it activates early viral promoters, such as UL44, UL54, and IRL7. Although this seems to be an unusual situation, it is not unique to HCMV. The herpes simplex virus type 1 (HSV-1) immediate-early protein ICP4 also possesses both positive and negative regulatory functions (16) . Like HCMV IE86, HSV-1 ICP4 is required for viral replication (12, 13, 61) . However, unlike IE86, there are still basal levels of transcription of HSV-1 early genes in the absence of ICP4. ICP4 interacts with the basal transcription ma- (27, 44, 47, 53, 54) . Direct DNA binding is involved in ICP4-mediated repression of the IE promoters, and a binding site is present at the transcription initiation site (20, 45) , similar to the HCMV MIE crs. Differential phosphorylation of ICP4 regulates the positive and negative regulatory functions (65, 66) . These comparisons to ICP4 may be important for understanding the paradox of IE86 and the mechanisms of these contradictory functions.
The situation is further confused by the concept of a "core" domain, a region of the viral protein that is indispensable for all functions of the protein (4). It is evident that the carboxy terminus of IE86 is critical for the multiple functions of the protein. Interactions with TFIIB and TBP, dimerization and DNA binding, nuclear localization, and an activation domain have all been mapped to the carboxyl half of the viral protein.
While this certainly suggests that the mechanisms for transactivation and autoregulation may overlap, it is naïve to believe that these opposing functions are so tightly linked that they cannot be separated. In fact, it has previously been shown that the transactivation, autoregulation, and DNA binding functions of HSV-1 ICP4 can be separated (11), and we have now shown the same with HCMV IE86. The core domain may simply be critical for IE86 structure, but not necessarily function, and major deletions or mutations in the core result in a misfolded protein.
In summary, we have constructed a recombinant HCMV BAC which contains two amino acid mutations in the core domain of the IE86 protein that is unable to replicate and fails to produce infectious virus. The mutations were targeted to disrupt a conserved LPIYE/D sequence in the CMV IE86 homologs. The P535A/Y537A mutant IE86 protein is unable to transactivate early viral genes and is not recruited to early viral promoters, resulting in a lack of viral DNA replication. However, unlike previous mutational analyses of the core domain, this mutant IE86 protein retains the ability to repress the MIE promoter and is recruited to the MIE promoter in vivo. Results were similar in both HFF and 293 cells, suggesting that the IE86 protein functions the same way in both cell types.
This finding is important for three reasons. First, the phenotype of this mutant demonstrates that mutations can be made in the core domain of the IE86 protein without disrupting all functions of the viral protein. Although the integrity of the core domain appears to be essential for the replication of HCMV, the functions of IE86 are not so tightly linked that they cannot be separated. Second, the separation of the autoregulatory and transactivating functions of the IE86 protein supports the belief that the viral protein must use two different mechanisms for promoter binding. Repression of the MIE promoter occurs through direct binding of the IE86 protein to the MIE crs, while transactivation of early viral promoters appears to occur through recruitment of the IE86 protein to the promoter via interactions with cellular transcription machinery but not direct DNA binding. Finally, this mutant protein provides a valuable tool to investigate the mechanisms of the paradoxical functions of the IE86 protein. Further studies with this mutant may reveal how a single viral protein is able to have opposite effects on different viral promoters.
